Late preterm infants are often assumed to escape long-term morbidities known to impact earlier preterm offspring. Is this true for the cardiovascular system? r What is the main finding and its importance?
Introduction
Baroreflex function and heart rate variability (HRV) can be indicative of cardiovascular health, with impairments of either measure being associated with increased risk of hypertension and cardiovascular disease in adulthood. The baroreflex response is vital in maintaining blood pressure within the physiological range, and control of this system is driven through the autonomic nervous system. The parasympathetic and sympathetic nervous systems mainly control heart rate, and sympathetic nerve activity regulates vascular tone. Even minute deviations in blood pressure within arteries are detected by baroreceptors located at the carotid sinus and aortic arch, leading to activation of primary afferent neurons within the brainstem and signals to alter heart rate and vascular tone. Baroreflex control of heart rate is an important indicator of sympathetic and vagal control of the heart.
The autonomic nervous system matures throughout gestation (Nuwayhid et al. 1975) . In line with this, baroreflex control matures over gestation, as demonstrated in both animal (Booth et al. 2011 ) and human studies (Yiallourou et al. 2013) . Recent data have suggested that immature fetal sheep have asymmetrical cardiac baroreflex control; that is, there is a slower increase in heart rate in response to decreased blood pressure than the corresponding speed of decreased heart rate following an increase in blood pressure (Booth et al. 2009 ).
The autonomic nervous system also controls HRV. In human infants, HRV is increased with gestational age, driven by vagal maturation (Andriessen et al. 2005) . Similar to baroreflex control, HRV is impaired in preterm infants compared with their term counterparts (Andriessen et al. 2005; Patural et al. 2010) . Importantly, poor cardiovascular stability in the first days of life is associated with poor cardiovascular outcomes (DoussardRoosevelt et al. 1997) . Ex-preterm adults have an increased risk of cardiovascular disease (Crump et al. 2011; Lewandowski et al. 2015) . Impaired cardiovascular function following preterm birth has been demonstrated in newborns (Fyfe et al. 2015) , primary school age children (Inomata et al. 2015) and adults (Irving et al. 2000; Sipola-Leppänen et al. 2015) . Baroreflex control in preterm infants is inversely proportional to gestational age at birth (Gournay et al. 2002) , and evidence shows that maturation occurs more slowly in this population, such that at term equivalence the preterm infants still have a deficit in their baroreflex control (Andriessen et al. 2005) . This impaired cardiovascular function is likely to underlie the increased risk of hypertension in later life. However, to date there have been very few studies that have examined the long-term effects of late preterm birth on cardiovascular system control in adulthood. The aim of this study was therefore to determine whether known impairments in autonomic control associated with preterm birth would be evident after late preterm birth. We hypothesized that impaired HRV and baroreflex sensitivity would persist into adulthood.
Methods

Ethical approval
The experimental protocol was performed in accordance with guidelines established by the National Health and Medical Research Council of Australia and was approved by the Monash Medical Centre animal ethics committee at Monash University (approval no. MMCA/2011/01).
Animals
Lambs of time-mated crossbred ewes (Border Leicester × white Suffolk) were used for this study. The growth and long-term survival data of this cohort have been published previously . Pregnant ewes carrying singleton fetuses were randomly assigned to give birth prematurely [132 days of gestational age (dGA); ß0.9 of term; n = 16] or at term (147 dGA; n = 17). During pregnancy, ewes were housed in paddocks and allowed to graze ad libitum on pasture; they were housed indoors for delivery of lambs.
Induction of preterm delivery
Preterm delivery was induced in ewes by I.V. administration of epostane (50 mg in 2 ml of 100% EtOH; Sanofi-Synthlabo, Winthrop, UK), an inhibitor of progesterone synthesis (Christin-Maitre et al. 2000) , at 130 dGA to induce preterm labour ß48 h later. The ewes allocated to deliver preterm were administered two doses of betamethasone (11.4 mg, I.M.; Celestone Soluspan; Schering-Plough, Australia), at 130 and 131 dGA. The dose of betamethasone was designed to mimic the regimen routinely administered to women at risk of preterm delivery (Royal College of Obstetricians and Gynecologists, 2010) . Briefly, preterm lambs were closely monitored and bottle fed for the first 24 h with milk obtained from their mother every 4-6 h (80 ml kg day −1 ). If preterm lambs had low O 2 saturation (<80%), oxygen supplementation and continuous positive airway pressure were provided via a face mask (Neopuff; Fisher & Paykel Healthcare, Manukau, New Zealand) until saturation was stable.
Term delivery
Ewes in the term group received epostane (50 mg in 2 ml of 100% EtOH) immediately before expected delivery (at 145 dGA). Ewes in the term group did not receive betamethasone. Neonatal and postnatal care of lambs was conducted as previously outlined .
Body weight and morphometric measurements were regularly recorded until 56 weeks of age as previously outlined .
Lamb surgery
At ß56 weeks of age, sheep were transported to Monash University animal facilities for experimental procedures. After acclimation, sheep were anaesthetized (20 ml pentothal I.V.; Boeringer Ingelheim Australia) and maintained via isoflurane (1.5-2.5% in 10% O 2 30% N 2 O; Bomac Animal Health, Hornsby, NSW, Australia), for placement of a femoral arterial catheter and femoral venous catheter in the left leg and a femoral arterial flow probe (size 3, Transonic Flow Probe; AdInstruments, Castle Hill, NSW, Australia) in the right leg.
Experimental procedures
For 3 days after surgery, antibiotics were administered daily to the sheep (ampicillin 1 g I.V.; Austrapen, Lennon Healthcare, St Leonards, NSW, Australia; engemycin 5 mL I.V.; Coopers, Bendigo East, Vic, Australia). The catheters were flushed daily with heparinized saline, and blood samples (1.5 ml) were taken every second day for assessment of the sheep's well-being. The partial pressures of arterial oxygen and carbon dioxide, oxygen saturation, pH, haematocrit, glucose and lactate were measured (ABL 700 blood gas analyser; Radiometer, Copenhagen, Denmark).
In vivo baroreflex challenge
Five days after surgery, the sheep underwent an in vivo baroreflex challenge. Challenges were always conducted beginning at 09.00 h, after the morning feed at ß07.30 h. To minimize stress, sheep were always able to see other sheep, according to standard practice when working with sheep. Basal femoral blood pressure (DTX Plus Transducer; Becton Dickinson, Singapore) and flow were continuously recorded in conscious lambs at a sampling rate of 1000 Hz min −1 (Powerlab; ADinstruments) for analysis of basal HRV as described below. Heart rate was derived from the blood flow waveform. In order to correct for the difference in sheep height relative to the position of the transducers, the distance from the transducer position to the tip of the femoral artery catheter was measured post mortem.
After acquisition of a stable basal recording, baroreflex function testing began, consisting of manipulations of blood pressure via infusion of the vasoactive drugs sodium nitroprusside (0.4-15 mg h −1 in saline; Sigma-Aldrich Australia) and phenylephrine (0.5-7.5 mg h −1 in saline; Sigma-Aldrich Australia) directly into the femoral vein. Doses were given in random order. Blood pressure and heart rate were allowed to return to baseline values before the commencement of infusion of the next drug. On completion of the baroreflex function test, cardiovascular data were continuously recorded to ensure that all values returned to baseline.
Post mortem
After completion of experimentation, sheep were killed by an overdose of pentobarbital sodium (100 mg kg −1 I.V.; Valabarb; Jurox, Rutherford, NSW, Australia). Full post mortem methodology has been previously outlined . Briefly, heart lung brain, kidney, liver, spleen, pancreas, adrenal glands and skeletal muscle samples were collected for future analysis.
Data analysis
Basal blood pressure, blood flow and heart rate were obtained by averaging 5 min epochs every 10 min of the control period. For change in baseline data, baseline was defined as the average of variables for the 60 s preceding the administration of the vasoactive agent.
Heart rate variability
Heart rate variability was calculated from the arterial pulse wave interval (R-R interval), which was determined from the peak of each pulse wave. Heart rate variability was assessed in the frequency domain to determine autonomic influences on the heart using Labchart 7 software (AdInstruments). Using methods described previously (Desprs et al. 2003) , power spectral analysis was performed to separate R-R interval time series into high-(HF) and low-frequency (LF) components. The LF changes of HRV are attributed to baroreflex-mediated influences and reflect both sympathetic and vagal activity (Malik, 1996) . The HF components of HRV are attributed to respiratory-related changes (sinus arrhythmia) and thus reflect parasympathetic activity (Malik, 1996) . The LF/HF ratio is used as a measure of sympathovagal balance, and total HRV is a measure of global variability (Malik, 1996) . Spectral analysis was performed on basal data before cardiovascular challenge. Based on previous studies in sheep, we defined the LF range between 0.04 and 0.15 Hz and the HF range between 0.15 and1 Hz. Each 30 s epoch was subdivided into three overlapping segments with 50% overlap, with a Hann window used to reduce spectral leakage. The LF, HF and total power for each epoch were calculated from the area under the power spectral density functions. 
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Baroreflex challenge analysis
Baroreflex curves were constructed for each fetus by plotting the maximal change in blood pressure against the corresponding change in R-R. The relationship between change in mean arterial pressure and change in R-R was analysed by a logistic sigmoidal function (GraphPad Inc., San Diego, CA, USA). The gradient of this sigmoidal relationship was calculated. The gradient was then used to calculate the baroreflex gain as previously described (Thakor & Giussani, 2009 ).
Statistics
Data are expressed as means ± SEM. Of the initial cohort, group numbers are as follows; male term n = 11, male preterm n = 6, female term n = 6 and female preterm n = 7. Two-way ANOVA was used to determine the effects of gestational age at birth (P GA ; preterm versus term) and sex (P sex ; female versus male) on birth data (birth and organ weights and body morphometry), baroreflex gain and HRV parameters. A two-way repeated-measures ANOVA was used to determine the differences in both heart rate and blood pressure generated in the baroreflex curve. The significance of differences detected by ANOVA was assessed by Tukey's post hoc test (GraphPad). A value of P < 0.05 was accepted as statistically significant.
Results
Organ and body weight
Preterm lambs were born significantly lighter (P < 0.001) and earlier (P < 0.001) than the term cohort, as previously reported (Table 1 ; Nguyen et al. 2017) . At the time of post mortem (1 year of age), the sheep were no longer different in body weight compared with the term offspring; however, crown-rump length was significantly lower in ex-preterm males compared with all other groups (P < 0.05). Other body composition parameters were not different between groups. Ex-preterm females had significantly smaller right (P < 0.01), but not left, adrenals compared with term groups. All other organ weights were comparable between groups.
Basal cardiovascular variables
Femoral blood flow was significantly increased (P < 0.05) in term females compared wth term males. Systolic blood pressure was significantly increased (P < 0.05) in both term and preterm females compared with males. Other basal cardiovascular data, including mean and diastolic blood pressure, heart rate and femoral vascular resistance, were not different between groups (Table 2) .
Heart rate variability
When examining the frequency domain, there was a significant (P = 0.01), 49% increase in the LF component in term (29.2 ± 4.0 nu) compared with ex-preterm (17.3 ± 2.6 nu) adult females (Fig. 1A) . No difference was observed between term and ex-preterm male sheep. The LF/HF ratio was ß40% higher (P = 0.001) in term females (1.05 ± 0.19 nu) compared with both ex-preterm females (0.43 ± 0.05 nu) and term males (0.58 ± 0.05 nu; Fig. 1C ). There was no difference in the HF component (Fig. 1B) or total power between groups (data not shown).
Baroreflex response
We have shown baroreflex split both as term versus preterm (Fig. 2) and as males versus female (Fig. 3) . Although premature sheep demonstrated a blunted baroreflex curve, where increasing vasoconstrictive blood pressure response resulted in decreased heart rate response (P < 0.05) compared with sheep born at term (Fig. 3) , preterm males (n = 7) had a significantly (P < 0.05) blunted baroreflex response, shown as decreased minimal (Fig. 4A ) and maximal heart rate response (Fig. 4C) Figure 1 . Heart rate variability is depressed in female, but not male, ex-premature sheep during basal recordings Data shown are the mean ± SD low-frequency (LF) and high-frequency (HF) components and the ratio of LF to HF in male (term, n = 11; preterm, n = 9) and female offspring (term, n = 6; preterm, n = 7). * Significant differences (P < 0.05) between gestation ages at birth (P GA ); Significant differences (P < 0.05) between sexes (P sex ); Interaction between gestation age and sex is indicated by P GA * sex ; # significant difference (P < 0.05) between sexes; two-way ANOVA. LFnu, low-frequency normalised units; HFnu, high-frequency normalised units.
curve, when compared with term adults (n = 17; term male, n = 11; term female, n = 6). Both male and female preterm sheep had a significantly increased blood pressure response to the vasoactive agents. There was no difference in gain between any groups.
Discussion
Being born extremely preterm or very preterm is a known risk factor for development of cardiovascular disease in adulthood. However, it is not well understood whether late preterm birth is also associated with an increased risk of cardiovascular disease. We hypothesized that impaired HRV and baroreflex sensitivity would persist into adulthood in our sheep model of late preterm birth. Our data demonstrate autonomic dysfunction in sheep following late preterm birth. Furthermore, autonomic function appears to occur via sex-specific mechanisms, with decreased resting low-frequency normalised units (LFnu) and LF/HF ratio in female but not male ex-preterm sheep. When challenged, ex-preterm sheep, irrespective of sex, have a significantly increased blood pressure response but dampened heart rate baroreflex response. In contrast to our hypothesis, our data demonstrate that at rest, ex-preterm sheep have comparable, or in the case of female ex-preterm sheep, reduced sympathetic drive. However, cardiovascular challenge shows that male ex-preterm sheep are not able to mount an appropriate cardiovascular response, making them vulnerable to changes in blood pressure.
Female ex-preterm sheep had a decreased LFnu and LF/HF ratio, demonstrating altered sympathetic control and sympathovagal balance, respectively. The LFnu is commonly used as a proxy for sympathetic activation of the autonomic nervous system; however, there is also evidence that there are components of both the sympathetic and parasympathetic inputs (Burr, 2007) . The LF/HF ratio is an index of sympathovagal balance within the autonomic nervous system (Burr, 2007) . Sympathovagal balance, the ratio between sympathetic nerve activity and vagal nerve activity (Eckberg, 1997) , represents the balance between these neural inputs.
Decreased HRV in female ex-preterm sheep implies a reduced vagal stimulation. A similar model has previously described decreased LFnu and LF/HF in female juvenile (5 months old) and adult (15 months old) lambs, and this was associated with the degree of prematurity (Berry et al. 2013) ; however, in this model the lambs were exposed to dexamethasone rather than betamethasone. Decreased HRV is also correlated with atherosclerosis (Jensen-Urstad et al. 1999 ) and has been proposed as a marker for disease. Our results extend these previous findings to show that even late preterm birth can alter vagal dominance and developmentally programme for cardiovascular disease. Similar to our findings, in human data arising from the Helsinki population, ex-preterm women, and not ex-preterm men, had a 1.98-fold increased risk of cardiovascular disease .
In order to challenge the autonomic nervous system and improve our understanding of autonomic control following late preterm birth, we administered hypoand hypertensive agents until blood pressure plateaued. Ex-preterm sheep demonstrated an altered hypertensive challenge plateau threshold point, allowing blood pressure to fluctuate higher in that group. Therefore, ex-preterm offspring might have a decreased ability to control blood pressure within specific ranges or might have an enhanced upper threshold. Despite this, ex-preterm male sheep were unable to match these changes in blood pressure with a concomitant increase in R-R interval. It appears, therefore, that in the ex-preterm male sheep, the limits of compensation are reduced. It is not clear from our present data how females are protected from altered baroreflex function; however, previous data have suggested a possible protective function of oestrogen (Hunt et al. 2001) , which requires further investigation in this cohort. The baroreflex curve in the ex-preterm sheep also displayed asymmetry, as previously demonstrated in very preterm lambs (Booth et al. 2009 ). Gain was not different in the baroreflex curve, further demonstrating that the changes in autonomic control are subtle. Future studies are required to investigate whether the altered baroreflex curves, per se, can be used as an early marker of future cardiovascular disease.
The precise mechanisms responsible for the altered and asymmetric baroreflex response are unknown and are not easy to determine. Baroreflex control is complex and mediated at several important physiological locations. Altered blood pressure is detected by baroceptors; afferent signals must be integrated within the brain, at the nucleus of the solitary tract in the medulla, and finally, the vagus responds to the stimulus. Indeed, any portion of the baroreflex response may contribute to the altered 
. Baroreflex curves comparing term and preterm offspring
A and C shows the mean ± SEM change from baseline for femoral arterial blood pressure (FABP) and heart rate in term males (open squares; n = 11) and females (filled circles; n = 6; A) and in preterm males (open squares; n = 9) and females (filled circles; n = 7; C). B and D shows the baroreflex gain, as calculated from the sigmoidal curve mean ± SD, for term (B) and preterm (D) groups.
baroreflex response in our preterm offspring cohort. Others have suggested that the most likely driver of altered baroreflex response in preterm newborns soon after birth is impaired vagal activity and vagal tone in the heart (Gournay et al. 2002; Andriessen et al. 2005) . Indeed, preterm infants have depressed vagal tone and impaired baroreflex control (Gournay et al. 2002) . The HF, a proxy for vagal tone, was unaltered in our study, but we did show a significantly decreased LF/HF ratio (indicative of sympathovagal tone) in ex-preterm female sheep, suggesting that the vagal compromise may persist into adulthood in females.
As males did not demonstrate altered vagal tone, other mechanisms must underpin increased cardiovascular compromise. Despite increasing research into the relationship and mechanisms between preterm birth and development of cardiovascular disease in adulthood, there is still very little understanding. There is speculation that the mechanisms may lie in the pathology initiating the preterm birth; for example, pre-eclampsia (Palinski, 2014) , chorioamnionitis (Tare et al. 2014) or intrauterine growth restriction. Offspring of a pregnancy affected by pre-eclampsia have an increased odds ratio of stroke in adulthood, possibly as a result of altered fetal vascular development in utero , and increased risk of hypertension as adults , whereas a lamb model of chorioamnionitis results in decreased fetal heart growth and function (Tare et al. 2014) . There is a wealth of data demonstrating the link between growth restriction and the development of cardiovascular disease (as reviewed by Cohen et al. 2016) . Indeed, it is likely that there are multiple contributing pathways. In the present study, we have removed the possible confounding factors involved with pathological preterm birth including growth restriction, by inducing preterm birth pharmacologically. As such, we suggest a role for either preterm exposure to oxygen, the newborn cardiovascular pressures and/or exposure to betamethasone per se. Narrower aortas, vascular dysfunction (Bonamy et al. 2005) and increased arterial stiffness (Tauzin et al. 2006 ) have all been demonstrated in ex-preterm offspring, suggesting that organ immaturity and premature exposure to high partial pressures of oxygen might also play a vital mechanistic role.
We gave betamethasone to ewes in our study. The dosing and timing of betamethasone administration is in line with current clinical practice in Australia, where all women up to 38 weeks of gestation threatening preterm labour will receive betamethasone or dexamethasone. Both glucocorticoids improve overall survival and lung maturation, and each has subtly different effects on the developing fetal organs. There is still no consensus on which glucocorticoid is superior. However, we have previously shown in this cohort that betamethasone exposure did not impair glucose homeostasis , as occurs after dexamethasone exposure. Shaltout and colleagues have previously shown that betamethasone can independently alter HRV; however, that group showed an increased HF component with an increased mean arterial blood pressure, which are results not consistent with our study, and suggesting alterations in the central control of HRV (Shaltout et al. 2010) . Furthermore, the exposure to betamethasone occurred significantly earlier in gestation relative to our study and might therefore have had its effects when the autonomic system was more immature. Delineating the effects of betamethasone and prematurity is extremely difficult; without betamethasone, preterm survival rate is extremely low (De Matteo et al. 2010 . * Significant differences (P < 0.05) between gestation ages at birth (P GA ); Significant differences (P < 0.05) between sexes (P sex ); Interaction between gestation age and sex is indicated by P GA * sex ; # significant difference between sexes.
attempting to mimic. Without a term group treated with betamethasone, we are unable to rule out the possibility that betamethasone, rather than mild prematurity, contributed to the present results. However, as this manuscript describes a clinically relevant model, these results and the conclusions are still appropriate and important for mildly premature infants. Female offspring of an ex-preterm birth had smaller adrenals, which might be particularly relevant because the preterm females have decreased LF. The LF component of HRV is an index of sympathetic tone; therefore, it is possible that preterm female lambs, which displayed blunted sympathetic tone, have a decreased capacity for adrenaline release or a decreased ACTH signal. Schneider et al. (2011) have demonstrated a relationship between sympathetic tone and adrenal weight and corticotrophin release. Analysis of the hypothalamic-pituitary-adrenal axis was outside the scope of the present study; however, this finding should be the subject of future experiments. It is also possible that decreased sympathetic activation per se contributed to decreased adrenal weight.
Limitation
In order to carry out the in vivo baroreflex challenge, phenylephrine and sodium nitroprusside were used pharmacologically to increase and decrease (respectively) the arterial blood pressure. These drugs have been repeatedly used in experimental studies in animals and humans. Although some studies argue that pharmacological induction of the baroreflex may also alter intrinsic cardiac innervation, studies in denervated animals have demonstrated that blocking this pathway has very little effect on baroreflex function. Although the sheep in the present study were conscious throughout experimentation, many studies have shown that sleep state is vitally linked to baroreflex control and heart rate variability (Yiallourou et al. 2013; Fyfe et al. 2015) .
Conclusion
In conclusion, we have demonstrated that adult sheep born late preterm have evidence of autonomic dysfunction, which may underpin later cardiovascular dysfunction, such as hypertension and increased risk of heart disease. These findings are particularly important, because late preterm infants are often assumed to escape the long-term cardiovascular morbidities known to impact very preterm and extremely preterm offspring. We suggest that further research is required into the effect of late preterm birth on early markers of cardiovascular disease and the mechanisms underlying the changes seen after preterm birth, so that targeted interventions can be used to minimize cardiovascular detriment.
